We investigate the azimuthal correlations of the glasma in p-p collisions at √ sNN = 7 TeV by using the CGC formalism. As expected, the azimuthal correlations show two peaks at ∆φ = 0 and π which represent collimation production in CGC. Beyond that, azimuthal correlations show fine structures, i.e. bumps or shoulders between the two peaks, when at least one gluon has small x. The structures are demonstrated to be associated with saturation momentum, and likely appear at transverse momentum around 2Qsp = 1.8 GeV/c.
I. INTRODUCTION
Two-particle correlations in high energy collisions have been measured previously for a broad range of collision energies and colliding systems with the goal of understanding the underlying mechanism of particle production. Especially the study of two-particle azimuthal correlations provides important information for characterizing Quantum Chromo-dynamics (QCD), e.g. the mechanism of hadronization, possible collective effect and gluon saturation effect in these collisions.
One measurement of azimuthal correlations is performed using two-dimensional ∆η-∆φ correlation functions. Here ∆η is the difference in pseudorapidity between the two particles and ∆φ is the difference in their azimuthal angle (in radians). Another measurement of azimuthal correlations is projection of 2-D correlation functions onto ∆φ, i.e. ∆φ distributions, usually at short-range rapidity (small ∆η) and long-range rapidity (large ∆η).
In minimum bias p-p collisions, both in the data and in the Monte Carlo event generator PYTHIA, the twodimensional ∆η-∆φ correlations in the intermediate p ⊥ range are dominated by two components [1] [2] [3] : a narrow peak at (∆η, ∆φ) ≈ (0, 0) which can be understood as the contribution from jets; a ridge at ∆φ ≈ π extending over a broad range in ∆η, interpreted as due to momentum conservation or away-side jets. If this azimuthal correlations are demonstrated as ∆φ distribution at longrange rapidity (|∆η| > 2), there is a peak at away side (∆φ ≈ π) and no peak at near side (∆φ ≈ 0) in minimum bias p-p collisions. However, in central heavy ion collisions, e.g. Au-Au [1, 2, 4, 5] and Pb-Pb [7] collisions, the azimuthal correlations measured in the intermediate p ⊥ range begin to show an elongated structure in ∆η direction at near side, known as the near-side ridge. The corresponding ∆φ distribution at large ∆η starts to show a peak at near side which is absent in minimum bias p-p * Electronic address: xumm@mail.ccnu.edu.cn † Electronic address: wuyf@phy.ccnu.edu.cn collisions.
Later, high-multiplicity events in small systems, like p-p, p-Pb collisions at the LHC [3, [6] [7] [8] [9] [10] and d-Au, HeAu collisions at RHIC [11, 12] also show near-side ridge phenomenon which is similar to that of the heavy-ion collisions. Careful subtraction of the azimuthal correlations in low-multiplicity events from those in high-multiplicity events, shows that the magnitude of the near-side peak is nearly identical to that of the away-side peak, known as double-ridge phenominon [8] [9] [10] . Collimated production in azimuthal angle is a prominent feature at long-range rapidity.
Azimuthal correlations at long-range rapidity in small systems can be explained by initial-state effects such as gluon saturations [13] [14] [15] [16] [17] , final-state parton-parton induced interactions [18] , hydrodynamic flow [19] [20] [21] , etc. Among them, gluon saturation in the initial state is the most promising one because the dihadron azimuthal correlations at long-range rapidity calculated from a combination of glasma dynamics and BFKL (dominating the away side peak) agree well with data in p-p and p-Pb collisions over a very wide range of p trig ⊥ , p asc ⊥ windows, centrality class and ∆η acceptance on a quantitative level [15] [16] [17] . It suggests that two-particle azimuthal correlations are sensitive to detailed dynamical features of CGC.
Azimuthal, together with transverse momentum and rapidity, constitute the three-momentum of a particle. The distributions and correlations of azimuthal angle are necessarily influenced by transverse momentum and rapidity due to, e.g. momentum conservation. For the study of the rapidity and transverse momentum dependence of azimuthal correlations, CGC is unique as the following reasons.
(1) In CGC, gluons are progressively emitted from valence quarks by the ladder graph, shown in Fig. 1 smaller than the cutoff. Furthermore, Feynman x is related to the rapidity. For a right-moving parton, its rapidity y is related to its Feynman x as x = m ⊥ √ s e y in high energy limit. At √ s = 7 TeV and intermediate p ⊥ , e.g. 2 GeV/c, the rapidity at y = 1 corresponds to x ∼ 10 −3 , while y = 2 corresponds to x ∼ 10 −2 . Gluons at the central rapidity region reflect the properties of the small-x (x < 10 −3 ) degrees of freedom. Gluons with larger rapidity have larger x in the right-moving projectile. When one parton has small rapidity and the other has forward large rapidity, the correlations between them reflect the correlations between slow gluons and fast gluons. Hence gluons at different rapidity location lie in different dynamical region, and the aizimuthal correlations between them may be different if they are chosen from different rapidity locations and reflect the dynamical regions they originate from.
(2) In CGC the transverse momentum distribution of saturated gluons (called uGD) has a peak, whose position is called the characteristic transverse momentum of gluons and equals to the saturation scale Q s . That means uGD only takes large value when p ⊥ is around Q s . Since uGD determines the correlation function (as to be illustrated in section II), the azimuthal correlations should be p ⊥ dependent and sensitive.
A systematic study of azimuthal anisotropy and its p ⊥ and y dependence is important since it supplies special signals originating from CGC dynamics. It could provide crucial tests as to whether an initial-state interaction or a final-state interaction dominates the azimuthal correlation created in small systems. In this paper, we analyze the azimuthal correlations of p-p collisions at 7 TeV under CGC framework. Most of the existing results in references are limited by the range of rapidity gap, such as long-range rapidity (|∆η| > 2) or short-range rapidity (|∆η| < 1), no matter which rapidity location the gluons are situated in. However, the analysis in this paper is not limited by the range of rapidity gap, but by the rapidity location, i.e. small rapidity region (defined as |y| 1) and large rapidity region(|y| 2). This paper is organized as follows. In section II, the definition of azimuthal correlation and some related formula of the single-and double-gluon inclusive production in CGC framework are given. Results of two-gluon azimuthal correlations are shown and discussed in section III, where the sensitivity to rapidity location and transverse momentum are carefully compared and some interesting correlation patterns are illustrated. Section IV gives the summary. . Diagrammatic representation of the various building blocks in the factorized formula for the inclusive 2-gluon spectrum. As in the previous figure, the corresponding evolution from nucleus 2 at the bottom of the figure is not shown explicitly.
With the Z y 's from Eq. (2.11) and the G yq ,yp 's from Eq. (2.12), the only ingredient missing in obtaining a final expression for Eq. (2.5) and Eq. (2.14) is the expression of the leading order single inclusive spectrum in terms of the color charge densities of the two nuclei (see Fig. 2 ). This expression and the subsequent simplification of our equations for the inclusive distributions will be discussed in the next section.
Gluon correlations from unintegrated gluon distributions
The leading order single particle inclusive distribution, for a fixed distribution of sources, is given by
The gauge fields A a µ (x)[ρ 1 , ρ 2 ] are solutions of the classical Yang-Mills equations in the forward light cone after the nuclear collision for a fixed configuration of sources ρ a 1,2 in each of the nuclei. For Fourier modes k ⊥ of the color charge densities which obeyρ 1,2 (k ⊥ )/k 2 ⊥ 1 (which is the case for Q s k ⊥ ), only numerical solutions for A µ (x) are known [25] [26] [27] [28] [29] [30] [31] [32] [33] . However, for . The lower part of the figure, representing nucleus 2, is made up of identical evolution. Figure is from ref [14] .
II. TWO-GLUON AZIMUTHAL CORRELATIONS FROM HIGH ENERGY QCD EVOLUTION
In a high energy collision, both the projectile and the target are regarded as high parton density sources. When they pass through each other, strong longitudinal color electric and color magnetic fields are formed. The collection of the primordial fields at the early stage is called the glasma. The framework to describe the physics of high parton densities and gluon saturation is the Color Glass Condensate (CGC) effective field theory (EFT) [22] [23] [24] [25] . The effective degrees of freedom in this framework are color sources ρ at large x and classical gauge fields A µ at small x. The classical gauge field A µ is the solution of Yang-Mills equations with a fixed configuration of color sources. For a given initial configuration of color source, the distribution of sources and fields in the nuclear wavefunctions evolve with rapidity Y or corresponding x, which is described by the JIMWLK renormalization group equations [26] [27] [28] , as shown in Fig. 1 . Here Y can be translated to the rapidity of a gluon in the center of mass frame y, i.e. Y = ln
In Fig. 1 , the dots at upper part represent the initial color sources for nucleus 1. The ladder graphs following it illustrate the high energy evolution of parton distribution, from Y beam to Y p and from Y p to Y q by JIMWLK equation, with both radiation and scattering processes included. Two crosses mark two observed gluons with momentum p and q. At first glance the two gluons seem to be uncorrelated since they come from superficially disconnected diagrams. However, the two-gluon production should be calculated by averaging over the initial distribution of color sources, which introduces correlations.
Supposing two gluons are produced with transverse momentum p ⊥ and q ⊥ , and rapidity y p and y q , twoparticle correlation is defined as
are the double-and single-gluon inclusive productions, and
is the correlated double-gluon production which subtracts the uncorrelated double-gluon production.
The leading log factorization formula reads [13] 
where O[ρ 1 , ρ 2 ] LO is the leading order single or double particle inclusive distribution for a fixed distribution of color sources, and the integration denotes an average over different distribution of the color sources with the weight functional W [ρ 1,2 ]. In general, W [ρ 1,2 ] encodes all possible color charge configurations of projectile and target, and obeys Jalilian-Marian-Iancu-McLerran-WeigertKovner (JIMWLK) renormalization group equations [26] [27] [28] . In a mean field approximation and large N c limit JIMWLK equation is reduced to BK equation [29] [30] [31] .
The averaging over color sources can be done under MV model with a Gaussian weight functional. According to ref [14] , the correlated two-gluon production can be expressed by uGD as
where
with
Here Φ A(B) (y, k ⊥ ) denotes uGD of projectile A or target B. The single-gluon inclusive production reads
The framework is valid to leading logarithmic accuracy in x and momentum p ⊥ , q ⊥ Q s and we only calculate the leading contributions in p ⊥ /Q s .
The important ingredient in the above expressions is uGD (Φ), which can be obtained by solving rcBK equation with a given initial condition. To avoid repetition, details can be found in ref [14] and our previous paper [32] . For p-p collision at 7 TeV, Q 2 s0 (with Q s0 the initial value of Q s at x 0 ) is chosen to be 0.168 GeV 2 [15] . Based on the correlation function C(p ⊥ , y p ; q ⊥ , y q ), the azimuthal correlation function is defined as
which describes the correlation of two particles with rapidity y p and y q and their azimuthal separation ∆φ in given transverse momentum intervals (p . We do not integrate over rapidity y because we focus on correlations between two gluons in given rapidity locations. The rapidity gap is defined as ∆y = y q − y p .
III. FINE STRUCTURE OF AZIMUTHAL CORRELATION AND ITS TRANSVERSE MOMENTUM AND RAPIDITY DEPENDENCE
Both experimental data [3, 10] and CGC [15] [16] [17] show that the correlation at near side gets strongest in an intermediate p ⊥ interval, approximately 1 < p ⊥ < 3 GeV/c. A calculation from CGC points out that the correlation function gets maximum at p ⊥ ∼ Q sA +Q sB = 2Q sp = 1.8 GeV/c for minimum bias p-p collisions, where Q sA(B) denotes the saturation momentum of projectile or target [32] . To obtain the strongest correlation, the correlation function is firstly calculated within 1 < p ⊥ < 2 GeV/c in this paper.
To see how the azimuthal correlations change with rapidity gap and rapidity location, the azimuthal correlations are calculated at ∆y = 0, 1, 2, 3 with the rapidity location of one gluon chosen to be y p = 0, 1, 2, so that both small rapidity location and large rapidity location are included. The results are shown in Fig. 2 . As mentioned in ref [17] , the azimuthal correlation from CGC shows a symmetric structure about π/2, i.e. one peak is located at near side ∆φ = 0 and the other peak at away side ∆φ = π, which represent collimation production in CGC. Here we reproduce that structure in different rapidity locations, as all curves in Fig. 2(a), (b) and (c) show. Especially for long-range rapidity, e.g. ∆y = 2.0 as red curves show, correlations show two peaks at ∆φ = 0 and π, which contributes to double-ridge phenomenon observed in data.
When one gluon is located at small rapidity, e.g. y p = 0.0 shown in Fig. 2(a) , the correlation strength at ∆φ = 0 decreases when the rapidity gap increases from 0 to 2, and then rises significantly when the rapidity gap gets 3, which reproduces the trend of rapidity correlation at ∆φ = 0 in ref [32] (Fig. 4 therein) . The correlation strength at ∆y = 0 is rather high, compared to that of ∆y = 1 and 2, which is due to the contribution of short range correlation at ∆y = 0 from quantum evolution and is affected by the strength of running coupling [33] . The correlation strength at ∆y = 3 is rather high which is long range correlation in rapidity resulting from longitudinal boost invariance in the picture of color flux tubes of glasma [13] . The dependence of correlation strength on the rapidity gap was discussed in detail in our previous papers [32, 33] and not the focus in this paper.
Besides the magnitude of correlations, the shape of the correlations as a function of ∆φ shows interesting features. The two peaks at ∆φ = 0 and π exist in all cases in the following and the focus of this paper is the correlation structure between the two peaks. In Fig. 2(a) , the curve around ∆φ = π/2 shows a moderate bump at ∆y = 0, which persists at ∆y = 1 and flattens at ∆y = 2, finally turns to be a shallow valley in the case of ∆y = 3. In Fig. 2(b) , the curve around ∆φ = π/2 shows a flat structure at ∆y = 0 which reduces gradually to a valley at ∆y = 1, 2 and 3. In Fig. 2(c) , all curves show a valley around ∆φ = π/2 no matter it is at short-range rapidity (∆y = 0, 1) or long-range rapidity (∆y = 2). Comparing the three sub-figures for different rapidity locations, the bump around ∆φ = π/2 is limited to small rapidity location.
Specifically, for azimuthal correlations at short-range rapidity ∆y = 0, as can be seen from the purple curves in Fig. 2(a), (b) and (c) , a bump appears at ∆φ = π/2 when y p = 0, and it disappears at y p = 1 and 2, which indicates that azimuthal correlations at short-range rapidity vary with the rapidity location of the chosen gluon. So do the azimuthal correlations at long-range rapidity, as can be seen from the red curves in Fig. 2(a), (b) and (c). It suggests that azimuthal correlations at the same rapidity gap change with the rapidity location of the chosen gluon.
In order to obtain the azimuthal correlations at different rapidity location in detail, we calculate the correlations between two gluons both at small rapidity, e.g. y p = 0, y q = 0 shown in Fig. 3(a) , two gluons both at large rapidity, e.g. y p = 3, y q = 3 shown in Fig. 3(c) , and one gluon at small rapidity and the other at large rapidity, e.g. y p = 0, y q = 3 shown in Fig. 3(b) . Since azimuthal correlations are p ⊥ sensitive, an integration over p ⊥ may smear some correlation structure. Five values of p ⊥ are tried in the following calculations, i.e. p ⊥ = 1.0, 1.5, 1.8, 2.0, 2.5 GeV/c. For simplicity, q ⊥ is chosen to be equal to p ⊥ at first.
Correlation patterns are more diverse at single p ⊥ . In Fig. 3(a) , the correlation at p ⊥ = 1.0 GeV/c shows a valley at ∆φ = π/2. As p ⊥ increases to 1.5 GeV/c a moderate bump at ∆φ = π/2 begins to appear and strengthens at p ⊥ = 1.8 GeV/c. As p ⊥ increases further to 2.0 GeV/c the correlation at ∆φ = π/2 drops to a flat structure and finally returns to a valley at a larger p ⊥ of 2.5 GeV/c. In Fig. 3(b) , the curves for p ⊥ = 1.0 and 2.5 GeV/c are similar to that in (a) and hence not shown in order to make the fine structures of other curves visible. The correlation patterns at p ⊥ = 1.5 GeV/c are similar to that in Fig. 3(a) , while for p ⊥ = 1.8 GeV/c two bumps appear on the two sides of ∆φ = π/2, approximately at ∆φ ≈ 1.0 and ∆φ ≈ 2.0. Compared with the flat structure of p ⊥ = 2.0 GeV/c in Fig. 3(a) , a valley appears in Fig. 3(b) , with two shoulders on the two sides of ∆φ = π/2. It is worth noticing that the positions of the two shoulders are almost the same as that of the two bumps of p ⊥ = 1.8 GeV/c. However, all the bumps and flat structure existing in Fig. 3(a) and (b), which we call fine structures in the following, nearly disappear in Fig. 3(c) , with only slight shoulders on the two sides of ∆φ = π/2 at p ⊥ = 1.8 GeV/c and 2.0 GeV/c.
The above mentioned phenomenon that azimuthal correlations at the same rapidity gap change with the rapidity location of the chosen gluon is more obvious in Fig. 3(a) and (c) where the rapidity gap is the same, i.e. ∆y = 0. By comparing the red curves in Fig. 3(a) and (c), we can see that the bump at ∆φ = π/2 only exist in small rapidity location. Furthermore, the bumps (one or two) around ∆φ = π/2 only exist in Fig. 3(a) and (b) which further indicates that these fine structures require at least one gluon located at small rapidity. Not only that, correlations calculated at single p ⊥ rather than integration in a wide p ⊥ range, help to obtain these patterns. Single p ⊥ at 1.5, 1.8 and 2.0GeV/c, i.e. a value near p ⊥ ∼ 2Q sp = 1.8GeV/c, are most likely to show fine structures between ∆φ = 0 and π. It means that azimuthal correlations have a sensitive range in transverse momentum, a rough interval between 1.5 and 2.0 GeV/c, which is associated with the saturation momentum of colliding particles.
In fact, the single bump at ∆φ = π/2 and the double bumps or shoulders at ∆φ ≈ 1.0 and ∆φ ≈ 2.0 represent two harmonic components in the azimuthal correlations. The single bump at ∆φ = π/2 represents a component of cos(4∆φ) with its local maximum at ∆φ = π/2. The double bumps or shoulders represent a component of cos(6∆φ) with its local maximum at ∆φ = π/3 ≈ 1.0 and ∆φ = 2π/3 ≈ 2.0. The difference between double bumps and double shoulders lies in a large and small value of the coefficients of the sixth order harmonic component. In the same way, the main peaks at ∆φ = 0 and ∆φ = π represent a dominant component of cos(2∆φ). If a Fourier expansion is applied to the azimuthal correlation function C(∆φ), it is natural to get the second order, fourth order and sixth order harmonic coefficients. High order harmonic components only get prominent when at least one gluon is located at small rapidity and has transverse momentum near 2 times the saturation momentum of colliding proton, i.e. 2Q sp = 1.8 GeV/c.
The explanation of the patterns in azimuthal correlations depends on mechanism in this calculation. By the glasma graph shown in Fig. 1 , the correlation function is proportional to the correlated two-gluon production and can be expressed by a convolution of four uGDs as shown in equations (3), (4) and (5) . The integrand of equation (3) is explicitly written as
Since uGD (Φ) peaks at Q s , transverse momentum far from Q s contributes little to the correlation. In order to make a significant contribution to the correlation function,
(10) are required simultaneously in the second term of both D 1 and D 2 . If p ⊥ and q ⊥ are identical, and consequently p ⊥ −k ⊥ = q ⊥ −k ⊥ , the above conditions can be satisfied simultaneously which leads to collimation production at ∆φ = 0. Similarly, significant contributions from the first term of D 1 and D 2 requires p ⊥ and q ⊥ are antiparallel which leads to collimation production at ∆φ = π. It explains why two gluons which are collimated have the most strongest correlations.
On the other hand, uGD only depends on the magnitude of transverse momentum, not on its direction. In that case, we should only require equal module of the two arguments, i.e. |p ⊥ −k ⊥ | ∼ |q ⊥ −k ⊥ | ∼ Q s . Two parallel or antiparallel transverse momenta are sufficient but unnecessary conditions for large correlations. According to the triangle law of vector addition, k ⊥ , p ⊥ and p ⊥ − k ⊥ constitute the three edges of a triangle. Since the maximum of uGD needs |k ⊥ | ∼ Q s and |p ⊥ − k ⊥ | ∼ Q s , the angle between k ⊥ and p ⊥ (denoted as ∆φ kp which satisfies cos(∆φ kp ) =
) is determined by |p ⊥ |. So does ∆φ kq . Thus the relative azimuth ∆φ = φ q − φ p at which correlations become significant depends on the magnitude of the two momenta. That explains why the peak position between ∆φ = 0 and π varies with transverse momenta, as shown in Fig. 3(a) and (b). Since Q s is y dependent, two edges in that triangle depdend on y. For given p ⊥ , ∆φ kp varies with y which means the relative azimuth at which correlations become significant depends on rapidity y. At some momenta or rapidity, the correlations show a simple structure of a valley between ∆φ = 0 and π, without bumps and shoulders. That is because the length of the three edges are not appropriate to form a triangle and hence the uGDs can not get maximum simultaneously to develop a large correlation. From this kind of view, we can infer that if p ⊥ is fixed, the azimuthal correlation pattern for different q ⊥ should be different. This is indeed the case, as shown in Fig. 4 . To observe the fine correlation patterns, p ⊥ is chosen as 1.8 GeV/c, and y p = 0, y q = 0 with both gluons at small rapidity. When q ⊥ varies from 1.0 to 2.0 GeV/c, the peak at ∆φ = π/2 always exists despite of differences of its strength. When q ⊥ departs from the sensitive range, the peak reduces to double shoulders. It indicates that these correlation patterns require that at least one gluon has transverse momentum within sensitive range.
IV. SUMMARY AND OUTLOOK
In this paper we study two-gluon azimuthal correlations and their p ⊥ and y dependence by using the CGC formalism. We find that two-gluon azimuthal correlations are sensitive to the detailed dynamical features of CGC. Here, two gluons are chosen from small rapidity location, or large rapidity location, or one is from small rapidity location and the other is from large rapidity location. Results show that azimuthal correlations at the same rapidity gap change with the rapidity location of the chosen gluon. Fine structures around ∆φ = π/2, i.e. bumps or shoulders, show up when at least one gluon is located at small rapidity, which suggests that fine structures of correlation patterns are specific to small x region. Single value of p ⊥ near Q sA + Q sB = 2Q sp = 1.8 GeV/c, instead of integration over p ⊥ in a wide range like 1 < p ⊥ < 2GeV/c, are more likely to illustrate fine structures between ∆φ = 0 and π. The fine structures around ∆φ = π/2 correspond to high order harmonic components in a Fourier expansion. That means high order harmonic components only get prominent when at least one gluon is located at small rapidity and at least one gluon has transverse momentum near 2Q sp (the sum of the saturation momentum of two colliding particles).
The reason why rapidity location has an influence on azimuthal correlations may be that different rapidity locations correspond to different x. The fact that fine structures of azimuthal correlations only exist at small rapidity may indicate that small x evolution should be responsible for the fine structures of azimuthal correlations and these high order harmonic components observed here.
Furthermore, single value of p ⊥ is impractical for real analysis. Instead, a narrow bin of p ⊥ , much less than 1 GeV/c, will help to see the fine structure, otherwise the bumps will be less noticeable. Even so, one must be careful to examine the fine structures because the magnitude of fine structures is much less than the amplitude of the main peaks at ∆φ = 0 and π.
The analysis method here, i.e. finer binning of transverse momentum near saturation scale and focusing on small rapidity location, provides a way to address the properties of the initial glasma state. Assuming that final state interactions do not change the pattern dramatically, it is interesting to see if the dependence of azimuthal correlations on rapidity location and transverse momentum exist in experimental data. It may serve as a proof of glasma dynamics.
